Abstract
Introduction
Calcium released from the IP 3 -sensitive pool is essential for all events of egg activation (Miyazaki et al., 1992; Xu et al., 1994) including cortical granule (CG) exocytosis, cell cycle resumption with a decrease in CDK1 and MAPK activity, and recruitment of maternal mRNA that is essential for genome activation (Aoki et al., 2003; Hara et al., 2005) . Following fusion of the sperm and egg plasma membranes, diffusion of a sperm-specific phospholipase C (PLC), PLC-ζ, into the egg is essential to initiate release of intracellular Ca 2+ Saunders et al., 2002) , which displays an oscillatory pattern (Swann and Lai, 1997) . The Ca 2+ oscillatory pattern is characterized by a first transient that is of longer duration than subsequent oscillations (Cuthbertson and Cobbold, 1985; Saunders et al., 2002) and whose frequency is characteristic for each species (Swann and Lai, 1997) . These oscillations cease following pronucleus (PN) formation, presumably because the nuclear localization signal in PLC-ζ sequesters it from its substrate (Larman et al., 2004; Yoda et al., 2004) . Previous work indicates that the egg "counts" the number of Ca 2+ oscillations, summing the total amount of Ca 2 that is released (Ducibella et al., 2002; Ozil et al., 2005) . Because different events of egg activation require different amounts of total Ca 2+ released, e.g., CG exocytosis only requires a few oscillations (∼4), whereas cell cycle resumption and recruitment of maternal mRNAs require more (>8), events of egg activation occur in a precise temporal order. Ca 2+ /Camodulin-dependent protein kinase II (CaMKII) is likely the primary integrator of the information encoded by the Ca 2+ oscillations because its activity oscillates in synchrony with Ca 2+ oscillations (Markoulaki et al., 2003 (Markoulaki et al., , 2004 ) and expression of a constitutively active (Ca 2+ -independent) mutant form of CaMKII (CA-CaMKII) results in PN formation in the absence of an increase in intracellular Ca 2+ (Madgwick et al., 2005) . These results suggest that early events of egg activation, in addition to cell cycle resumption, are triggered by CaMKII activation, but this was not established in that report. More important, the developmental potential of these activated eggs could not be assessed because the zygotes that were generated were parthenogenotes that cannot develop to term.
We report here a model that overcomes the use of parthenogenotes by introducing into an egg by intracytoplasmic sperm injection (ICSI) a sperm incapable of inducing Ca 2+ oscillations. We used this model to test the hypothesis that CaMKII activity is sufficient to induce development in the absence of Ca 2+ oscillations. We find that expression of a constitutively active CaMKII provides a sustained increase in CaMKII activity in these sperm-injected eggs. Although cortical granule exocytosis appears abnormal, changes in CDK1 and MAPK activity that precede PN formation, as well as recruitment and degradation of maternal mRNAs, occur and mimic what is observed following fertilization.
Materials and methods

Generation of mutant constructs and in vitro transcription of cRNA
Generation of a plasmid construct encoding CA-CaMKII, which is a Cterminal deletion of wild-type CaMKIIα, was described previously (Madgwick et al., 2005) . This plasmid was linearized and transcribed in vitro using the T3 mMESSAGE mMACHINE® according to the manufacturer's instructions (Ambion, Austin, TX). The cRNA was purified using an RNeasy kit (Qiagen, Valencia, CA), eluted in RNase-free water and then stored at −80°C until use.
Collection of eggs and embryos
CF-1 female mice between 6 and 8 weeks of age (Harlan, Indianapolis, IN) were superovulated by sequential IP injections of 5 IU eCG followed by 5 IU hCG 48 h later. Metaphase II (MII)-arrested eggs were collected 13.5 h post-hCG administration into HEPES-buffered Whitten's medium (Whitten, 1971) containing 0.01% polyvinyl alcohol (PVA, average MW 30,000-70,000; Sigma) (Whittens/PVA) and cumulus cells were removed by a brief hyaluronidase treatment. Eggs were cultured in 50 μl drops of Whittens/PVA under mineral oil at 37°C in a humidified atmosphere of 5% CO 2 in air. Fertilized eggs were obtained by mating superovulated CF-1 females with B6D2F1 males (Jackson Laboratory; Bar Harbor, ME); the resulting one-cell embryos were collected 15 h post-hCG as described above.
Preparation of sperm heads devoid of Ca 2+ releasing activity for intracytoplasmic sperm injection (ICSI) Sperm were collected from FVB/NJ males (Jackson Laboratory). Caudae epididymides were transferred into 900 μl of Whitten's medium containing 0.01% PVA and incubated for 15 min at 37°C to allow sperm to swim out. Sperm were pelleted and then resuspended in nuclear isolation medium (NIM) containing PVA and briefly sonicated to remove the sperm tails (Kimura and Yanagimachi, 1995) . To inactivate the Ca 2+ -releasing activity, sperm heads were subjected to alkaline carbonate extraction (100 mM Na 2 CO 3 , pH 11.5) for 10 min at 4°C as previously described . Sperm were washed two times in NIM/PVA and resuspended in a solution of NIM/PVA containing 50% glycerol. Sperm heads were stored at −20°C until use. ICSI using these treated sperm demonstrated that they failed to induce any increase in intracellular Ca 2+ concentration over the period of 3 h (data not shown).
Microinjection, ICSI, and embryo culture
All micromanipulations were carried out in 5 μl drops of Whittens/PVA. For microinjection, needles were filled with 1.0 μg/μl CA-CaMKII cRNA and 5-10 pl was injected into the cytoplasm of MII eggs by pneumatic pressure using a Picoliter Injector Microinjection System (Harvard Apparatus, Holliston, MA). Following injection, eggs were cultured in either Whittens/PVA or in KSOM medium with amino acids (Specialty Media) (Ho et al., 1995) .
For ICSI sperm heads were transferred into NIM/PVA and washed two times to remove glycerol. Sperm heads were resuspended in NIM medium containing 6% PVP and stored on ice until use. Co-injection of CA-CaMKII cRNA and sperm heads was carried out as follows. Three to 5 sperm heads were picked up at a time in a sperm drop and then transferred into a second drop containing 0.5 μg/μl CA-CaMKII cRNA. Sperm heads were then drawn back up into the ICSI needle and injected singularly into the cytoplasm of MII eggs using a PrimeTech piezo-impact drive (PrimeTech, Ibaraki, Japan). Groups of 10-15 eggs were quickly injected and then transferred back into KSOM medium. Control eggs were injected with sperm heads alone and then artificially activated with 10 mM SrCl 2 in Ca 2+ /Mg 2+ -free CZB for 2 h. Following activation, eggs were washed and cultured in KSOM medium with amino acids for 5 days at 37°C in a humidified atmosphere of 5% CO 2 , 90% N 2 and 5% O 2 . We initially activated the eggs by injecting a sperm extract containing PLC-ζ activity but settled on strontium because we obtained more consistent results.
CaMKII, histone H1 and MAP kinase assays
Measurement of CaMKII activity was carried out essentially as described previously (Markoulaki et al., 2003) . In brief, eggs were washed through one drop of cold Ca 2+ /Mg 2+ -free PBS containing 0.05% PVA, transferred to 2 μl cold lysis buffer in a 500 μl thin-walled PCR tube, snap-frozen in dry ice and stored at −80°C until use. Egg lysates were assayed for autonomous CaMKII activity using the SignaTECT CaMKII assay system (Promega, Madison, WI), 2.5 mCi [γ-32 P]ATP (Perkin Elmer; Boston, MA), and a biotinylated CaMKII substrate. The autonomous activity assay measures the amount of autophosphorylated CaMKII that is active in the absence of additional Ca 2+ or calmodulin in the reaction buffer. The samples were incubated at 37°C for 30 min, and the reaction was terminated by adding 5 M guanidine hydrochloride. Each reaction was spotted onto a SAM biotin Capture Membrane (Promega), and the membrane was washed and dried according to the manufacturer's directions. The amount of [γ-32 P]ATP incorporated into the CaMKII substrate was quantified by scintillation counting.
Histone H1 kinase and MAP kinase activities were each measured in single eggs, as previously described, by using histone H1 and a peptide substrate containing the MAP kinase consensus phosphorylation sequence found in myelin basic protein, respectively (Svoboda et al., 2000) .
Cortical granule labeling and quantification
CGs were stained using Lens culinaris agglutinin-biotin (10 μg/ml, Sigma) followed by avidin-FITC (2 μg/ml, Molecular Probes) as previously described (Connors et al., 1998) . The eggs and embryos were mounted in VECTASHIELD® Mounting Medium (Vector Laboratories, Burlingame, CA) containing 1.5 μg/ml DAPI to stain DNA. Eggs were imaged by epifluorescence using a Nikon S Fluor 100× oil objective, N.A. 0.5-1.3 (total magnification including 10× ocular: 1000×). CG density in the egg cortex was quantified by computer-assisted image quantification using IPLab software (Scanalytics, BD Biosciences, Rockville, MD) by counting a 50-μm 2 area both by hand and by computer-assisted image quantification, and a 300-μm 2 area by computer-assisted image quantification as previously described (Abbott et al., 1999; Wortzman and Evans, 2005) . Differences in numbers of CGs between treatment groups were compared using ANOVA followed by a Newman-Keuls Multiple Comparison Test. The same slides were re-examined with a Leica TCS NT confocal microscope as previously described (Deng et al., 2003) .
[
S]-Methionine radiolabeling and two-dimensional gel electrophoresis
Newly formed pronuclear stage embryos (CA-CaMKII-injected and fertilized) and age-matched MII-arrested eggs were metabolically radiolabeled for 3 h in Whittens/PVA containing 1 mCi/ml [ 35 S]-methionine (specific activity >1000 Ci/mmol). Following labeling, the eggs/embryos were washed free of unincorporated radiolabel and then matched sets of 25 or 30 eggs/embryos were placed into 200 μl freshly prepared twodimensional gel sample lysis buffer (8 M urea, 4% CHAPS, 40 mM Tris, pH 9.0, 20 mM DTT, and 1× Complete Mini protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN)), snap frozen and stored at −80°C until use.
Two-dimensional gel electrophoresis was performed using the Ettan™ IPGphor II™ isoelectric focusing system, Ettan™ DALTsix gel electrophoresis equipment, Immobiline DryStrip gels (pH 3-10 linear, 24 cm), and PlusOne™ reagents all from GE Healthcare Life Sciences (Piscataway, NJ). Samples were mixed with 250 μl rehydration buffer (8 M urea, 2% w/v CHAPS, 1% IPG buffer (pH 3-11, non-linear), 2 mg/ml DTT) and loaded into the IPGphor strip holder. DryStrip gels were placed into each strip holder and overlaid with DryStrip cover fluid. Gel strips were hydrated at 50 V for 24 h and then focused for a total of 80 kVh at 20°C.
After isoelectric focusing, each gel strip was equilibrated for 15 min in equilibration buffer A (6 M urea, 100 mM Tris-HCl pH 8.8, 30% v/v glycerol, 2% w/v SDS, 1% DTT) and then 15 min with equilibration buffer B (6 M urea, 100 mM Tris-HCl pH 8.8, 30% v/v glycerol, 2% w/v SDS, 2.5% iodoacetamide). The strips then were placed onto 10% polyacrylamide gels containing SDS and proteins separated by electrophoresis. The gels were dried and exposed to storage phosphor screens for 10 days. Gel images were collected using a Molecular Dynamics STORM PhosphorImager® (GE Healthcare Life Sciences) and processed using Photoshop software (Adobe Systems, San Jose, CA).
RNA isolation and real-time PCR analysis of mRNA degradation
Groups of 22-25 MII eggs, fertilized two-cell embryos, and two-cell CACaMKII-activated embryos were transferred into a 1.5-ml tube in ∼1 μl of HEPES-buffered Whitten's medium and immediately frozen on dry ice and stored at −80°C until used. Total RNA was isolated using the Absolutely RNA® Miniprep Kit (Stratagene, La Jolla, CA). Prior to RNA isolation, ∼2 ng of RNA encoding GFP was added to the sample and used for normalization. Isolated RNA was then subjected to a single round of cDNA synthesis, and final volume was adjusted so that 1 μl was equivalent to a single egg or embryo.
Real-time PCR analysis was carried out using an ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA). Target transcripts for evaluation of mRNA degradation following fertilization were based on inhouse microarray data (Zeng et al., 2004; Zeng and Schultz, 2005) . Taqman Probes corresponding to AW545966 (assay ID Mm00724124_m1), Rnf38 (assay ID Mm00613618_m1, Xrcc3 (assay ID Mm00446044), Mos (custom made), and GFP (custom made) were used for real time PCR. A single egg/ embryo equivalent of cDNA was used in each reaction and performed in triplicate.
Results
Prior to assessing the role of CaMKII in mediating the events of egg activation in the absence of a rise in intracellular Ca 2+ , we first measured the increase in total CaMKII activity in the injected eggs to determine if the increase in activity was in the physiological range observed following fertilization (Markoulaki et al., 2003) . In these experiments, the amount of CACaMKII cRNA injected was the same as that used in a previous study to induce cell cycle resumption (Madgwick et al., 2005) . Injection of CA-CaMKII mRNA resulted in a ∼3-fold increase in CaMKII activity by the time the second polar body was emitted (∼3 h post-injection) and remained at this level 7 h postinjection, i.e., after PN formation (Fig. 1) . CaMKII activity decreased by the two-cell stage but was still higher than in uninjected MII eggs; this may have accounted for the delay in cleavage of these injected eggs relative to the control (data not shown). This amplitude of the increase in CaMKII activity in these injected eggs was similar to that observed for endogenous CaMKII activity following fertilization (Markoulaki et al., 2003) . Because CaMKII activity oscillates in parallel with the Ca 2+ oscillations that terminate with PN formation, the total CaMKII activity in these injected eggs likely exceeded that which occurs following fertilization.
The observation that a PN forms confirms previous results (Madgwick et al., 2005) , and as anticipated, a marked decrease in CDK1 activity had occurred by the time the second polar body was emitted (Fig. 2) . Moreover, this decrease was prior to the decrease in MAPK activity, which returns to basal levels by the time of PN formation (Moos et al., 1995) . Thus, expression of CA-CaMKII resulted in the correct temporal decrease in the activities of these two protein kinases.
CG exocytosis is another early event of egg activation and can readily be detected by the marked decrease in the number of CGs in fertilized eggs when compared to MII eggs (Fig. 3) . CG localization in eggs expressing CA-CaMKII, however, differed from that observed in either MII-arrested or fertilized eggs. The CGs in the cortical regions of these injected eggs were reduced in number as compared to unfertilized eggs (19.0 ± 1.5 CGs/ 100 μm 2 vs. 41.1 ± 2.8 CGs/100 μm 2 , P < 0.001). The number of CGs remaining in the cortical region of the injected eggs, however, was larger than that in fertilized eggs, which was 11.0 ± 0.9 CGs/100 μm 2 (P < 0.01). CGs in the cortical regions of these injected eggs had a patchy distribution (Figs. 3D and  F) , and moreover, CGs were detected in the interior, which is not observed in either MII or fertilized eggs. Many of the CGs in the interior were found in aggregrates close to the pronuclei (Fig. 3E) .
Egg activation also triggers degradation of many maternal mRNAs as well as the recruitment of others for translation. A similar degree of degradation of four maternal mRNAs was observed in both experimental and control eggs (Fig. 4) , and maternal mRNAs were also recruited as detected by the appearance of polypeptides on two-dimensional gels that are diagnostic of maternally recruited mRNAs (Xu et al., 1994) (Fig. 5) . Thus, an increase in CaMKII activity faithfully replicated all of the events of egg activation seen following fertilization, except for CG exocytosis (see Discussion). To determine the developmental competence of eggs activated by CA-CaMKII, we developed an experimental model that circumvents the use of parthenogenotes. We used ICSI to introduce a paternal genome that would permit normal development following egg activation. Insemination or ICSI, however, induces Ca 2+ oscillations that are triggered by the sperm-specific PLC-ζ. For this reason, prior to ICSI the sperm were subjected to alkaline carbonate extraction, which abolishes the ability of these sperm to induce Ca 2+ oscillations . To control for effects of the injection process and sperm treatment on egg activation and development, control eggs were subjected to ICSI and then activated with Sr (instead of CA-CaMKII); Sr 2+ induces Ca 2+ oscillations that are fairly representative of those that occur following fertilization but can vary in terms of number. Results of these experiments indicated that the incidence of development to the morula/ blastocyst stage was similar for both control and experimental groups (Fig. 6) .
Discussion
The results presented here provide strong evidence that CaMKII is likely the major integrator of the information encoded in the Ca 2+ oscillations because expression of a constitutively active form of CaMKII, which does not induce any increase in intracellular Ca 2+ , can readily promote preimplantation development to the blastocyst stage. We attempted to assess the developmental competence of these blastocysts by conducting embryo transfer experiments, but the incidence of post-implantation development was low. Nevertheless, we did observe several implantation sites and one apparently normal E17.5 fetus derived from eggs injected with alkali-treated sperm heads (that lack PLC-ζ activity) and CaMKII cRNA (unpublished observations). Thus, egg activation as a consequence of CaMKII activation may be sufficient to drive post-implantation development.
Because the increase in CaMKII activity was similar to that observed following fertilization, it is unlikely that the observed development is a consequence of off-targeting, i.e., CaMKII phosphorylating substrates that it would not normally phosphorylate. We cannot completely exclude the possibility that the isoform used here (CaMKIIα), which is not detected in mouse eggs (Abbott et al., 2001) , might phosphorylate substrates distinct from those phosphorylated by the endogenous CaMKII isoforms and by doing so induce egg activation and development. This possibility is minimized because the CA-CaMKII construct is made constitutively active by removing the carboxy terminal residues 291-278, which are part of the autoregulatory and association domains, and the remaining amino terminal portion contains mostly the catalytic domain that is highly conserved between isoforms.
CG exocytosis does not appear to be normal in eggs expressing the constitutively active CaMKII; the CGs appear to "aggregate" and move to the egg's interior. Results of recent experiments provide a possible explanation for this observation (Matson et al., 2006) . CG exocytosis entails undocking of the CG followed by translocation to the plasma membrane in preparation for membrane fusion. Myosin light chain kinase (MLCK), which is activated by calmodulin and in turn activates myosin II, is implicated in CG exocytosis, because the MLCK inhibitor, ML-7, inhibits CG exocytosis, i.e., myosin II appears to regulate vesicle translocation (Neco et al., 2004) . In contrast, CaMKII is implicated in undocking the vesicle from the cytoskeleton (Chi et al., 2003) . Thus, expressing CA-CaMKII could result in undocking of the CGs but not support their translocation to the plasma membrane and thereby allow formation of interior CG aggregates. Whether there is significant CG exocytosis in response to CA-CaMKII and whether this proposed model is correct will be the subject of future investigations. Nevertheless, the results reported here imply that normal CG exocytosis is not requisite for normal development.
The decline in CDK1 activity, as well as that of MAPK activity, was anticipated because the activity of the AnaphasePromoting Complex (APC) is modulated by CaMKII. CaMKII-mediated phosphorylation of Emi-2, which inhibits the APC by binding to CDC20 that is essential for APC activity, generates a docking site for the constitutively active Polo-like kinase. Phosphorylation of Emi-2 by Polo-like kinase 1 targets Emi-2 for degradation that results in activating the APC (Hansen et al., 2006; Liu and Maller, 2005; Rauh et al., 2005) . The finding that CaMKII can induce both degradation and recruitment of maternal mRNAs is new, but the underlying mechanism(s) remains to be resolved. Nevertheless, CaMKII-mediated phosphorylation of S171 of the cytoplasmic polyadenylation element-binding protein (CPEB) leads to mRNA recruitment in hippocampal neurons (Atkins et al., 2004 (Atkins et al., , 2005 and thus provides a possible mechanistic linkage between Ca 2+ oscillations and mRNA recruitment. Several other CPEB family members are expressed in the egg (Pan and Schultz, unpublished observations) and could modulate translation of maternally recruited mRNAs. Last, the finding that development to the blastocyst stage is similar in both control and experimental groups implies that the reprogramming of gene expression which occurs during the two-cell stage is reasonably faithful when induced by CA-CaMKII (Schultz, 2002) .
Mos −/− oocytes undergo a relatively high incidence of parthenogenetic activation (Colledge et al., 1994; Hashimoto et al., 1994) , due to their inability to maintain high levels of CDK1 activity; activation presumably occurs in the absence of any increase in intracellular Ca 2+ and without an increase in CaMKII activity. Likewise, protein synthesis and broad specificity kinase inhibitors (e.g., DMAP) can activate eggs (Siracusa et al., 1978; Moses and Masui, 1994) . These observations could, in principle, cast doubt on the role of CaMKII as a master regulator of egg activation and development. Egg activation under these circumstances, however, occurs many hours after the initial arrest at metaphase II and thus is likely due to non-physiological mechanisms. It will be of interest to determine whether the normal pattern of mRNA degradation and recruitment occurs in such eggs, because such a failure to recapitulate faithfully what occurs as a consequence of the Ca 2+ oscillations could be a contributing factor to reduced development that is observed in Mos −/− parthenogenotes. In toto, results reported here provide compelling evidence that CaMKII serves as a major locus for integrating information encoded in the Ca 2+ oscillations to coordinate the events of egg activation and initiate the developmental program. Moreover, these results provide experimental support for a mathematical model that proposed such a role for CaMKII in egg activation (Dupont, 1998) . These results also may have clinical implications because it is possible that reduced CaMKII activity in human oocytes/eggs could account for a subset of patients with unexplained infertility.
